We conduct three-dimensional hydrodynamic simulations of the common envelope binary interaction and show that if the companion were to launch jets while interacting with the giant primary star's envelope, the jets would remove a substantial fraction of the envelope's gas. We use the setup and numerical code of an earlier common envelope study that did not include jets, with a 0.88-M , 83-R red giant star and a 0.3-M companion. The assumption is that the companion star accretes mass via an accretion disk that is responsible for launching the jets which, in the simulations, are injected numerically. For the first time we conduct simulations that include jets as well as the gravitational energy released by the inspiraling core-companion system. We find that simulations with jets unbind approximately three times as much envelope mass than identical simulations that do not include jets, though the total fraction of unbound gas remains below 50% for these particular simulations. The jets generate high velocity outflows in the polar directions. The jets also increase the final corecompanion orbital separation and lead to a kick velocity of the core-companion binary system. Our results show that, if able to form, jets could play a crucial role in ejecting the envelope and in shaping the outflow.
the emission of detectable gravitational waves (e.g., Abbott et al. 2016) .
As the more compact companion orbits inside the CE it loses energy and angular momentum due to tidal interaction and gravitational drag forces, and it inspirals toward the core of the giant star. This interaction transfers orbital energy to the envelope, and is often referred to as CE evolution (CEE). The details of CEE are of great importance because they dictate the outcomes of the binary interaction, in particular the final separation, which in turn dictates whether a merger takes place inside the CE. The details also determine the morphology of the outflow, hence the shape of the resulting nebula (e.g., Ivanova et al. 2013b) , and the duration of the binary interaction which both play a role in influencing the type of transient lightcurve that would be observed.
Most analytical studies, such as population synthesis simulations (e.g., Ablimit et al. 2016 , Ablimit, & Maeda 2018 parameterise CEE using the αCE prescription that is based on energy conservation. This prescription assumes that a fraction αCE of the orbital energy that is released by the spiraling-in secondary star is channeled to unbind the envelope (e.g., Webbink 1984; Livio & Soker 1988) . What remains to be seen is whether a common efficiency should be used for all types of CEE and whether the orbital energy should be the only source of energy that can be used to unbind the envelope.
Three-dimensional, numerical hydrodynamic simulations of the CE have been carried out using several different techniques, such as Eulerian, smoothed-particle hydrodynamics (SPH) codes and moving-mesh (e.g., Livio & Soker 1988; Rasio, & Livio 1996; Sandquist et al. 2000; Taam & Ricker 2010; Passy et al. 2012; Ricker & Taam 2012; Nandez et al. 2014; Ohlmann et al. 2016; Staff et al. 2016b; Kuruwita et al. 2016; Iaconi et al. 2017 Iaconi et al. , 2018 MacLeod et al. 2018b; . Those simulations that use an ideal-gas equation of state unbind at most 40 percent of the envelope with values of 10-20 percent being more typical. Only simulations that use a tabulated equation of state and thermalise the energy due to recombining gas, can eject the entire envelope under certain circumstances . Just how much of the recombination energy can be harnessed is currently debated (Ivanova 2018; Soker et al. 2018) .
Questions about when and how the envelope becomes unbound leave the critical issue of the final separation hanging. The final separation in simulations is clearly a function of parameters such as the envelope binding energy and the mass of the companion. There are, however, some doubts about the impact of resolution on the final separation with higher resolution resulting in smaller separations in the simulations of Iaconi et al. (2018) . It is also not clear whether the initial conditions of the CEE simulations may impact the final separation such as starting at the moment of Roche lobe overflow, instead of starting with a smaller separation (e.g., Reichardt et al. 2018) . Interestingly, simulations that adopt the recombination energy and unbind the envelope do not seem to show a systematically larger or smaller final separation when compared to similar simulations that do not include recombination energy (Reichardt et al., in preparation) . This said, it is not clear whether other physical mechanisms that are not yet included in the simulations and that may aid in envelope removal may play a role in the final separation. Hence the problem of envelope unbinding and of final orbital separation are intimately connected.
Several studies proposed the inclusion of additional processes (for a list see Soker 2017b) . Aside from the inclusion of recombination energy , Soker (2004) and Glanz & Perets (2018) considered dust-driven winds after the CE phase, when the envelope is already extended, and show that these winds can further expel envelope material. Another energy source could be the accretion of envelope mass onto the more compact companion. The accretion of envelope gas onto the companion releases energy, some of which can be channeled to jets which may contribute to the ejection of the envelope. Armitage & Livio (2000) and Chevalier (2012) examined the ejection of the CE by jets launched from a NS that inspirals inside the giant envelope. Later studies follow this idea while considering different companions (e.g., Soker 2004; Papish et al. 2015; Soker 2015 Soker , 2016a Moreno Méndez et al. 2017; Shiber et al. 2017; Shiber, & Soker 2018; López-Cámara et al. 2019) .
Whether accretion plays a role in the envelope's dynamics, rests on how much mass the companion can accrete during the dynamical inspiral phase. We do not yet know whether the accretion rate is close to the Bondi-HoyleLyttleton (BHL; Bondi 1952) value, or if it is much smaller. Ricker & Taam (2012) have found in their CE simulations that the accretion rate is two orders of magnitudes below the BHL value. Murguia-Berthier et al. (2017) further argued that disk formation in the CEE is a rare event. However, observational evidence points to accretion taking place at some stage during the CEE: main sequence companions in post-CE binaries in the planetary nebulae (PNe) Hen 2-155 and Hen 2-161 are inflated, something that can be explained by accretion (Jones et al. 2015) ; the companion in the post-CE central star of the Necklace PN is polluted by carbon-rich material (Miszalski et al. 2013) , implying accretion of giant envelope gas; several companions in post-CE central stars of PNe are spun-up, possibly by having accreted angular momentum (Montez et al. 2010 (Montez et al. , 2015 . Additionally, several PN harboring post-CE binaries show jets that can be shown to have kinematic ages that are almost coincidental with the ejection of the envelope (Tocknell et al. 2014 ) implying accretion phases. Finally Blackman & Lucchini (2014) show that the momenta of the outflow of bipolar pre-PN cannot be explained by any plausible mechanism except by accretion during the CEE, if the accretion rates are those implied by studies such as that of Ricker & Taam (2012) . These observations may support the feasibility of substantial accretion during CEE. Shiber et al. (2016) argued that the launching of jets from an accretion disk around the mass-accreting companion removes mass, angular momentum, and pressure and therefore makes accretion at a high rate possible. Indeed, in a recent paper Chamandy et al. (2018) find high accretion rates when they use a subgrid 'valve mechanism' that removes energy, hence reduces pressure, from the vicinity of the accreting companion. Jets can remove energy as in the subgrid prescription of Chamandy et al. (2018) .
The launching of the jets must also affect the ejecta's morphology. Bipolar outflows are frequently seen in PNe and in pre-PNe. These outflows are usually attributed to a binary interaction (e.g., Soker 1994; Balick, & Frank 2002; Witt et al. 2009) , although the precise relationship between the stunning range of axi-symmetric morphologies and the driving interaction is still unclear. CEE simulations, for example, usually yield outflows that are concentrated around the equatorial plane. The fast spherical wind expected from the post-CE primary ploughs into the CE ejecta resulting in a very collimated structure (García-Segura et al. 2018; Frank et al. 2018) . In this case the equatorial outflow is on the "outside" of the bipolar flow. On the other hand, the CE jets simulated by Shiber (2018) would result in a very collimated CE ejection, at least in the early inspiral, while the later inspiral may still produce an equatorial enhancement, with rings and arcs. Although a PN resulting from this type of outflow has not been simulated yet, it is clear that a CE with jets would be quite a different morphological phenomenon.
In this paper we continue to explore the role that jets play in the CEE. Shiber et al. (2016) and Shiber, & Soker (2018) studied the effect of jets on CEE focusing on cases where the jets efficiently remove the envelope from the beginning of the in-spiraling phase, i.e., where the system expe- riences the grazing envelope evolution (GEE; Soker 2015).
In the GEE wider final binary separations can result, or the CEE can be interrupted or delayed. Here, on the other hand, we specifically focus on mass removal with substantial in-spiral, and include the gravity of all components in the system. Namely, for the first time we include the gravity of the secondary star and the self-gravity of the envelope in simulating jets in a CEE. This implies that both the orbital energy and the accretion energy carried by jets contribute to envelope removal and to the shaping of the outflow. We describe our numerical scheme in Section 2, and in Section 3 we present our results. We discuss our numerical method limitations in section 4, primarily the effect of the jets injection length, Ljets, on our results. In Section 5 we discuss and summarize our results.
NUMERICAL SET-UP
The CEE simulations in this work use a modified version of Enzo (O'Shea et al. 2004 ). The CE specific features have been implemented by Passy et al. (2012) and primarily consist on the ability to map 1D stellar models into the Enzo 3D domain and in the creation of a new gravity solver for point-mass particles (Passy & Bryan 2014) , which allows for improved energy and angular momentum conservation. The above papers contain all details on the numerical techniques and the equations the code solves. We here mention only the treatment of the 'particles'. In our simulations we treat the core of the giant star and the companion star as point-mass particles. From now on by 'particles' we refer to both the core and companion. The pointmass particles used in Enzo CE simulations are dimensionless particles interacting only gravitationally with the gas and the other point-masses in the computational domain, they have a fixed mass (i.e., they are not allowed to modify their mass value by accreting gas from the grid), and in their surroundings gravity is smoothed according to the prescription by Ruffert (1993) .
Several studies have used Enzo for the simulation of the CEE and well tested it in different setups and at different resolutions (e.g., Passy et al. 2012; Staff et al. 2016a,b; Kuruwita et al. 2016; Iaconi et al. 2017 Iaconi et al. , 2018 , with the study of Iaconi et al. (2018) using the adaptive mesh refinement (AMR) capability of enzo alongside the new solver of Passy & Bryan (2014) . Energy and angular momentum are conserved to an acceptable level (Iaconi et al. 2017 ) and simulation outcomes have been compared with other codes (Passy et al. 2012 , Iaconi et al. 2017 showing reasonable agreement.
In order to simulate jet launching from the companion we implemented a new particle type that acts gravitationally as a point-mass particle, but that is additionally launching jets. This particle is the companion star. We launch jets in the same manner as in Shiber et al. (2017) and Shiber, & Soker (2018) . The salient points are as follows. We numerically insert the jets in two opposite cones around the zaxis, the axis perpendicular to the orbital plane, with a halfopening angle of 30
• . At each time step we set the density in each cell inside the two cones to have a value corresponding to freely expanding jets with the prescribed velocity and mass loss rate. Namely, the density in the cone decreases as r −2 . A cell is included in the cone only if its centre belongs to the cone. The cells where the companion resides in are not inside the cones. Namely, the jets are not inserted in the equatorial plane itself, but from one cell above and below it and up to a distance Ljets. The cones extend from the particle (the companion) position to a length of Ljets. We want Ljets to be large enough to keep the conical geometry, but still small. In simulations #6, #7, #9, #10, Ljets is between two to four times the maximal cell length. In simulations #11-13, Ljets is between half to two the maximal cell length. The jets have two velocity components: a radial one from the location of the particle with a magnitude of 400 km sec −1 , and a velocity component equals to the companion velocity. The jets' velocity corresponds to the escape velocity of a low mass main sequence star.
In this work we carry out thirteen simulations. We utilize AMR in all our simulations, where a cell is split into two in each direction based on a density threshold criterion. We use 2 or 3 levels of refinement, depending on the simulation, as we describe below. For maximum energy conservation we use a smoothing length for the gravitational potential of the point-mass particles equal to three times the length of a cell at the deepest refinement level (Staff et al. 2016a) .
All the simulations use the same 1D primary model as the one Passy et al. (2012) used, namely an RGB star with a total mass of M1 = 0.88 M , a core mass of Mc = 0.39 M and a radius of R1 = 83 R . This allows us to compare directly simulations with and without jets. We map the giant into our 3D computational domain and stabilize it using the procedure described in Passy et al. (2012) , utilizing a point-mass particle to represent the core of the giant, that cannot be resolved in the Enzo grid. The companion star is instead a 0.3 M main sequence star, which, similarly to the primary's core, cannot be resolved and it is therefore represented by a point-mass particle. The particles are initialized with velocities resulting in Keplerian circular orbits appropriate for the respective initial orbital separations a0. Note that in the case of the primary star both the point-mass core and the envelope are given the same, uniform velocity.
Using this binary we build several different initial setups, varying the resolution, AMR levels, domain size, initial orbital separation, presence of jets, jets' length of injection, and mass rate carried by the jets. We summarize our different simulation setups in Table 1 .
The initial orbital separation chosen corresponds to either the initial radius of our RGB star (83 R ; i.e., the companion is placed on the surface of the primary) or double that value. In the first case the primary is greatly overflowing its Roche lobe at the beginning of the simulation (RRL,83 = 39 R ), while in the second case the primary is only slightly overflowing its Roche lobe radius (RRL,166 = 79 R , only slightly smaller than the radius of the primary of 83 R ; Eggleton 1983) . a0 is measured from the center of the giant star.
The rate of mass carried by the two opposite jets is a few percent of the BHL accretion rate when the companion is on the giant star surface. The reason for reducing the jet mass-loss rate compared to the BHL accretion rate is the indication that accretion rates in CEE might be lower (e.g., Ricker & Taam 2012 ) and the assumption that jets carry about 10 per cent of the accreted mass, as observed in, e.g., young stellar objects. For a 0.3 M companion orbiting with a Keplerian velocity on the surface of a giant star with a mass of 0.88 M and a radius of 83 R , the BHL accretion rate is 0.15 M yr −1 . We therefore assume two values for the mass-loss rates in the jets,Ṁjets: 0.7 and 2 per cent of this value, i.e., 0.001 M yr −1 and 0.003 M yr −1 respectively. To illustrate the shape of the jets within the grid with different refinements we show in Fig. 1 density maps, AMR grids, and velocity arrows in the y − z plane of simulation #13 at four different times. This simulation has 3 levels of refinement. The first, second, and third level of refinement grids are colored in light gray, dark gray and black, respectively. As said, in order for the jets to preserve their conical shape it is important that Ljets is more than the length of two cells. As the refinement is automatically determined by the density and the companion starts outside the giant, at early times the code injects the jets in less refined regions. However, as the companion dynamically in-spirals through the primary's envelope the jets quickly move to regions with the highest level of refinement. This ensures that they are properly resolved during the crucial part of the CEE.
RESULTS
We summarize in Table 2 the final properties of the 13 simulations that we have conducted. The second column lists the simulation times. We note that the orbital period of an M2 = 0.3 M stellar companion that orbits a M1 = 0.88 M red giant branch star on its surface is 81 days. We stop the simulation either at about 584 days, or when the distance of the giant's core to the boundary of the grid becomes smaller than the initial radius of the giant star, which ever comes first. Each simulation produces vast amounts of data. In subsection 3.1 we focus on simulation #13 and show in detail the flow structure of this simulation. In 3.2 we discuss the differences between simulations with and without jets. Finally, we mention some energy considerations of our simulations in subsection 3.3.
Flow structure
Earlier simulations (e.g., Shiber, & Soker 2018 ) of the GEE and early CEE with jets show the complicated and highly asymmetrical flow structures. We find similar structures in all of our simulations that include jets. Here we focus on simulation #13, which has a high resolution and a large domain.
Simulation #13 has a domain size of 862 R and 3 levels of refinement. The companion continuously launches jets with a velocity of vjets = 400 km s −1 and a half-opening angle of θjets = 30
• as is the case in all of our simulations. The jets carry mass at a rate ofṀjets = 0.003 M yr −1 and the jets' injection length is Ljets = 14.4 R . Fig. 2 presents density maps and velocity arrows of simulation #13 at three times as indicated on the panels in days. At these three times the companion completed about 0.75, 2.75, and 6.75 orbits, respectively. In the left panels we present the flow in the equatorial (orbital), x − y, plane, and in the right panels we present it in the meridional, ρ − z, plane that traces the companion, namely, the plane that is perpendicular to the orbital plane and contains both the core and the companion particles (ρ ≡ ± (x − xc) 2 + (y − yc) 2 , where (xc, yc) is the momentary position on the orbital plane of the giant's core; right panels). The companion orbits counterclockwise in the x−y plane, and its instantaneous location is marked with 'X', while the giant's core position is marked with a black circle. The length of the arrows is proportional to the gas speed. The green crosses on the left panels mark the position of the center of mass (gas + particles), while the red crosses mark the position of the center of gas mass only (without the particles).
Based on the flow (and outflow) structure, we can divide the evolution into three different phases. Each of the three times in Fig. 2 represents a different phase. During the first phase, starting from the beginning of the simulation, the gravity of the companion attracts the mass in the outer shells of the giant. As a result, a thin fan of envelope Figure 1 . Density maps, AMR grids, and velocity vectors in the meridional y − z plane that is perpendicular to the orbital plane of simulation #13 at four different times, given in days, at which the companion crosses the x-axis. An 'X' symbol marks the location of the companion and a black circle marks the giant's core. The length of the arrows is proportional to the gas speed, with scaling of 100 km s −1 as indicated with the arrow above the first panel. The first, second, and third level of refinement grids are colored in light gray, dark gray and black, respectively. The dashed contours show equal density surfaces.
gas comes out of the giant star and starts trailing the companion in the orbital plane. This particular initial flow morphology is commonly observed in CEE simulations starting from separations larger than the initial radius of the primary (see, e.g., Rasio, & Livio 1996 , Ricker & Taam 2012 , Iaconi et al. 2017 , MacLeod et al. 2018a . During this early stage, a large fraction of the jets material flows uninterrupted out of the grid in the polar directions, while a small fraction of the jets material accumulates at the equatorial plane around the companion. The reason for this accumulation is that the companion moves around the primary, so the jets continuously encounter fresh circumstellar gas, even if initially of very low density. When jets are shocked, high pressure pushes gas toward the equatorial plane (Akashi & Soker 2008 ).
Simulations #1-2 and #5-7 that start with the companion on the giant surface, i.e., an initial orbital separation of a0 = R1, on the other hand, do not develop a fan that trails the companion, and the spiraling-in phase starts almost instantaneously. Therefore, in these cases the division into three phases is more dubious as the first phase does not exist.
Due to dynamical friction drag forces, the companion starts spiraling-in towards the giant envelope and releases gravitational energy. This is the second phase. The interaction inflates the envelope. Material from the fan trailing the companion outflows through the two outer Lagrange points (the second and then the third). The jets collide with the denser regions inside the envelope. The envelope diverts the jets toward the equatorial direction and stops their propagation altogether, cocooning them inside the giant.
During the third phase, the companion is deep in the Table 2 . Some final properties of the simulations of the present study. : the unbound mass that left the system (i.e., with positive energy); M gas, in : the gas mass resides in a sphere with radius Rout; a f and e f : the final semi-major axis and eccentricity of the core-companion binary system, respectively.
envelope and the spiraling-in rate declines to a relatively low rate. The shocked jet material inflates two opposite hot bubbles around the companion. The bubbles eventually escape from the envelope more or less along the polar directions as we will discuss later. The jets remove a substantial amount of mass from the envelope that flows out in all directions, but not in a spherical manner. The rapid non-spherical mass ejection and momentum conservation cause the remaining binary system and bound gas to move away from the center of the grid. The final core-companion binary orbit stabilizes with a fairly eccentric orbit of e f = 0.56.
We record the mass loss and kinetic energy loss rates per unit solid angle as a function of direction,ṁ(θ, φ) anḋ e k (θ, φ), respectively, through a sphere of radius Rout = 2 AU around the center of the grid. From these we calculate the momentary outflow velocity magnitude, √ v 2 = 2ė k /ṁ, the total mass loss, m(θ, φ), the total kinetic energy loss, e k (θ, φ), and the average outflow velocity v = 2e k /m.
We present in Fig. 3 the maps of the mass loss rate (left panels) and of the total mass loss until the indicated time (right panels) at three times as indicated. In Fig. 4 we present the outflow velocity maps (left panels) and average velocity maps (right panels) at the same times of Fig. 3 . These maps emphasize the differences between the outflow in the three phases.
At the beginning of the in-spiral before the jets graze the envelope a small amount of mass with high velocity outflows in the polar directions. This mass comes directly from the jets. Later, the in-spiral produces an equatorial outflow appearing as a thin red stripe at zero latitude in the second row of Fig. 3 . Ejection along the equatorial plane during the dynamic in-spiral is observed in most CE simulations and it is a direct result of angular momentum conservation (see Iaconi et al. 2017 for an estimate of the angle containing the ejecta). In these simulations most of the unbound mass comes from the equatorial outflow. In our simulations with jets the equatorial outflow is slower than the polar outflow and is only mildly unbound. The escape velocity from the system at Rout = 2 AU is approximately 30 km s −1 while the equatorial ring outflows at slighter higher velocities of 40 km s −1 . At later times, once the jets succeed to penetrate through the dense envelope they cause a substantial mass ejection. In this phase the mass loss rate becomes more isotropic, but the outflow velocity is still larger along the polar directions. The smooth red color in the bottom left panel of Fig. 3 indicates the smooth mass loss rate. The bottom left panel of Fig. 4 shows the faster polar outflow.
When the companion enters the envelope the jets and gravitational interaction eject mass in a highly non-spherical geometry, with a preferred outflow direction. Momentum conservation implies that the core and companion (the 'particles') and the bound gas move in the other direction. In the middle-left panel of Fig. 2 we see dense gas that escapes to the right. The bound system starts moving to the left.
To elaborate further on the time that the companion enters the envelope we present the flow at four times in Fig.  5 . The panels show density maps and velocity vectors in the tangential,ρ − z, plane of simulation #13. The time of the bottom right panel of Fig. 5 is the same as in the middle row of Fig. 2, Fig. 3, and Fig. 4 . The tangential plane cuts through the companion and is perpendicular to the equatorial plane as well as to the line joining the secondary star to the core of the primary (the two particles). In the panels the companion is in the center of the frame (black 'X') and moves to the right. At early times (upper left panel), the massive fan that trails the secondary star from behind diverts the jets stream forward (to the right in the panel). The bending forward of the jets pushes material in the opposite direction. The first three panels of Fig. 5 show a complicated interaction between the jets and envelope, i.e., the bending of the jets and the formation of vortices. The last panel of outskirts of the panel) and the chocking of the jets inside the envelope (two bubbles near the center).
From Fig. 2 and others we see the binary system to move to the left of the grid. The reason is that gas is ejected to the right of the grid and leaves the grid, as seen for example in Fig. 2 . Some of the gas that leaves the grid is unbound and so the motion of the binary system, the kick velocity, is real. However, due to the limited size of the grid some of the gas that leaves the grid is still bound. So the motion of the binary system is overestimated here for numerical reasons. We crudely estimate its value at several km s −1 in our simulations. Our estimates are similar to, or somewhat larger than, the kick velocity that Chamandy et al. (2019) find in their CEE simulations.
Comparison of simulations with and without jets

Orbital separation and mass loss rate
We compare the results of simulations #6 and #9 that include jets with the results of simulations #5 and #8 that have the same initial conditions but that do not include jets.
In simulations #5 and #6 the companion starts on the giant surface a0 = R1, while in simulations #8 and #9 the companion starts at a0 = 2R1. In Fig. 6 we plot the orbital separation between the giant's core and the companion as a function of time for all four simulations. In simulation #9, that includes jets, the spiraling-in outside the envelope is faster than in simulation #8 that has no jets. To find an explanation we present in Fig. 7 the density and velocity maps at t = 99.3 days. We see the gas of the fan flowing around the companion. In the 
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• +75 Figure 4 . Maps of momentary outflow velocity magnitude (left panels) and of outflow velocity averaged over time (right panels) at a spherical shell with a radius of Rout = 2 AU of simulation #13 at three times as in Fig. 3 . Grid as in Fig. 3 .
jetted simulation (right panel) there is less gas in front of the companion because the jets deflect the gas. The gas behind the companion slows it down, and the gas in front of the companion pulls it. With less gas in front of the companion in the simulation with jets, a stronger slowing-down acts on the companion. However, we must recall that for numerical reasons we include no accretion, and so although the effect is real, its magnitude is not accurate in our simulations.
After the companion enters the envelope, the main effect of the jets is removal of mass. This further removal of mass slows down the spiraling-in rate, and the companion with jets in simulation #9 ends at an orbital separation of 21 R compared with 8 R in simulation #8. Simulations #5 and #6 show the same effect. Overall, the final orbital separation in simulations with jets are more eccentric and a few times larger than the orbits in simulations without jets. We attribute the higher eccentricity to rapid removal of mass by jets: such mass removal in a time much shorter than the orbital period can counteract the tidal circularizing effect (e.g., Kashi & Soker 2018 ).
In Fig. 8 we plot the mass loss rate through a sphere of radius 1 AU of the unbound mass, i.e., having a total (kinetic + thermal + gravitational) positive energy,Ṁ unbound out . The simulations without jets suffer mass ejection during the fast in-spiral phase that lasts for approximately a hundred days, and most of the unbound mass outflows at the equator. Simulations with jets experience a phase of higher unbinding that lasts for longer periods. For example, the second unbinding phase lasting from about 340 days to about 450 days in simulation #9 (the red dashed-dotted line) corresponds to the approximately uniform outflow mass per unit solid angle that the jets produce around the time the orbital separation settles to its final value.
In-spiral and outflow properties
Here we focus only on comparing simulations #8 (no jets) and #9 (jets), both started at twice the stellar radius. Figure 5. Density maps and velocity vectors in theρ − z plane that is perpendicular to the momentary radius vector of the secondary star relative to the core position and perpendicular to the equatorial plane of simulation #13 at four times, given in days. We term this plane the tangential plane. The horizontal axis isρ = ± (x − xs) 2 + (y − ys) 2 , where (xs, ys) is the momentary position on the orbital plane of the secondary star. The companion is at the center of each panel and is moving to the right. At early times the jets bend forward (to the right) then to backward (to the left) and then they are choked inside the envelope (last panel).
simulation #8 (left panels) and simulation #9 (right panels) at t = 452.9 day.
From Fig. 9 and some figures we do not show we note the following differences: (1) The offset of the binary from the center of the grid is larger in the simulation with jets.
(2) As we already discussed, simulations with jets end with a larger core-companion separation. (3) The jets make the outflow less symmetric and much more complicated. In particular, after the jets are chocked at earlier times when the companion enters the deep envelope, they eventually break out along the polar directions. Fig. 10 presents the temperature maps in the meridional plane (i.e., perpendicular to the equatorial plane) that contains the companion and core, at t = 452.9 day. The temperature distribution at the end of simulation #8, with no jets, has a large scale spherical symmetry with a number of fluctuations. In the equatorial plane (that we do not show here) there is a spiral pattern. In simulation #9, with jets, the interaction of the jets with the envelope creates two shocks, of the jets and of the envelope, that heat the gas to high temperatures. The right panel in Fig. 10 emphasizes the bipolar structure that the jets form around the companion that launches the jets.
In Fig. 11 we show the contribution of the jets to mass removal. The curves show the variation with time of the mass in the envelope, Mgas,in, that we define as the gas that resides inside Rout = 1 AU (thin green lines), of the total mass (bound + unbound) Mout (thick blue lines) that flowed out through a sphere of radius Rout = 1 AU, and of the unbound mass M tion #9 with jets. In simulation #8, with no jets, ≈ 12% of the ejected mass is unbound, in agreement with simulation SIM3 of Iaconi et al. (2018) and with simulations Enzo3 and Enzo8 of Passy et al. (2012) that have similar initial parameters and were also performed with Enzo. In simulation #9, with jets, ≈ 33% of the ejected mass is unbound. We note here that there is another similarity between the results of Iaconi et al. (2018) and our results in that our simulation #5 has the same level of energy and angular momentum conservation as their very similar simulation SIM3. Similar level of conservation exists in the other simulations without jets (#1, #3, #8). We discuss the energy conservation level in simulations with jets in section 4.2.
To emphasize the role of jets in shaping the outflow we plot in Fig. 12 the total mass loss (bound and unbound) per unit solid angle that flows out from a sphere of radius Rout = 1 AU (blue) and its average velocity (brown), as function of angle from the equatorial plane. The main difference is that in the simulation with jets (+ symbols) the jets eject more mass relative to the simulation with no jets (O symbols) along the polar directions, and at much higher velocities.
Energetic of jets and mass ejection
From Fig. 11 we learned that the simulation with jets (#9) ejects much more mass than the simulation with no jets (#8). We here examine the energy of the unbound mass that leaves the system. In Fig. 13 we present the energy that the unbound mass carries with it as it leaves the system in both the simulation with jets (#9; dashed-orange line) and in the simulation with no jets (#8; solid-blue line). The dottedred line presents the kinetic energy injected in the jets in simulation #9. In section 4.2 we will discuss the effects on the energy of the replacement of the envelope gas with jets' gas in the launching scheme. (We term this 'mass removal', or numerical accretion, as we remove mass from the grid that the companion supposedly accretes.)
The gravitational energy that the companion-core binary system releases by the end of the simulations is ≈ 1 × 10 46 erg in simulation #9, and ≈ 3 × 10 46 erg in simulation #8. These values are more than an order of magnitude larger than the energy carried by the unbound mass in simulation #8 (∼ 0.2×10 46 erg). This means that the efficiency of the orbital energy in ejecting mass from the system is very low. This is a results shared by all numerical simulations of the CEE that do not include recombination energy (see list of papers in section 1).
From Fig. 13 we see that the jets that inject a kinetic energy of 2.4×10
45 erg by the end of the simulation increase the energy of the unbound gas by ≈ 7.4 × 10 45 erg. This shows that the jets are very efficient in removing mass.
However, the uncertainties in the exact efficiency of mass removal by jets are large because of the numerical complexity in launching jets. We examine here the influence of one numerical parameter in launching jets. In Fig. 14 we present the energy that the unbound mass carries in three simulations with a jets mass loss rate oḟ Mjets = 0.003M yr −1 but different lengths of the cones into which we inject the jets, Ljets = 3.6 R in simulation #11, Ljets = 7.2 R in simulation #12 (like in simulation #9), and Ljets = 14.4 R in simulation #13. As in all simulations the jets have the same velocity and the same mass loss rate, the kinetic energy power of the jets is the same in the three simulationsĖjets = 1.5 × 10 38 erg s −1 . At the end of the three simulations the jets injected a total kinetic energy of Ejets = 7.6 × 10 45 erg. The energy of the unbound mass that left the grid is quite different in the three simulations, E unbound out (#11) = 1.7 × 10 46 erg = 2.2Ejets , E unbound out (#12) = 2.1×10 46 erg = 2.7Ejets, E unbound out (#13) = 2.6 × 10 46 erg = 3.4Ejets. Our conclusion from this section and from Fig. 11 is that despite the large numerical uncertainties, the jets are quite efficient in removing mass from the common envelope.
NUMERICAL CONSIDERATIONS
In this section we examine our numerical method limitations. We start discussing how the numerical parameter Ljets, the length of the cone within which we numerically inject the jets, affects our results. We then check energy conservation, and end by discussing numerical resolution effects.
The effect of the injection length, Ljets, on the simulation results
For each of the two simulations #6 and #9 we perform a second simulation, #7 and #10 respectively, that differs only in the value of Ljets. All four simulations havė Mjets = 0.001 M yr −1 . We also performed 3 simulations with a higherṀjets = 0.003 M yr −1 and Ljets = 3.6 (#11), 7.2 (#12) or 14.4 R (#13).
Although Ljets is a numerical expedient to inject the jets into the grid, we can try and give it a physical meaning. We assume that an accretion disk around the companion launches the jets, so we assert that Ljets should be of the same order of magnitude as the radius of the accretion disk, Racc. Assuming accretion from a Roche lobe overflow, we use equation (4.20) from Frank et al. (2002) , and obtain:
Ljets Racc = a (1 + q) (0.5 − 0.227 log 10 q) 4 , where a is the orbital separation and q = M donor /Maccretor is the mass ratio between the donor star and the accretor star. For our simulations q = 0.88/0.3 and
The chosen values of Ljets = 3.6, 7.2 and 14.4 R bracket this value. These values are also several times the radius of the putative main sequence star companion.
In Fig. 15 we compare simulations #6 (solid blue line; smaller Ljets) with #7 (yellow dashed line; larger Ljets), both starting on the surface of the giant and #9 (green dotted line; smaller Ljets) with #10 (red dashed-dotted line; larger Ljets), both starting at twice the giant's radius. ; bottom right panel) are as described in subsection 3.2.
From Fig. 15 we identify the following numerical properties. Significant differences appear only when the companion is deep inside the envelope. We can partially understand this as at smaller separations the length Ljets = 7.2R (and more so Ljets = 14.4R ) is only slightly smaller than the final orbital separation of a < ∼ 25R . However, the differences in mass loss properties between the simulation with jet #9 and that without, simulation #8, appear before day 300 (Fig. 11) , and well before the effects caused by the injection length Ljets come into play (approximately at 400 in the comparable simulations #9 and #10). From this we conclude that the effect of jets in removing mass is not due to the injection length expedient. We also see that the real differences between simulations with jets and without jets (comparing simulations #6 with #5 and simulations #9 with #8) appear before the numerical effects of Ljets (comparing simulations #6 with #7 and simulations #9 with #10) by comparing Fig. 8 and the upper right panel of Fig.  15 , respectively.
The upper left panel of Fig. 15 shows that simulations with larger Ljets have similar final orbital separation, but the eccentricity is larger. This is particularly so for simulations starting with the companion at twice the giant's radius. The comparison between simulations #11-13 shows the same trend.
In discussing the dependence of the mass ejection with the value of Ljet, we need to consider separately the simulations starting with the companion on the surface, i.e, simulations #6 and #7 from simulations #9 and #10 that start with the companion at a0 = 2R1. The jets with larger Ljets in simulation #7 eject and unbind less mass. On the other hand, when the companion starts well outside the envelope, a0 = 2R1, larger Ljets leads to higher mass loss rates (i.e., more mass is lost in simulation #10 than in #9). Sim- sim #9, M gas,in Figure 11 . The variation of the envelope gas mass, i.e., gas inside a radius of Rout = 1 AU, M gas, in (thin green lines), of the total mass (bound + unbound) that flowed out through Rout = 1 AU, Mout (thick blue lines), and of the unbound mass that flowed out through a sphere of Rout = 1 AU, M unbound out (orange lines). Solid lines are for simulation #8 and dashed lines are for simulation #9 (with jets).
ilarly, simulations with higher mass injection rates into the jets, all starting at twice the primary's radius (simulations #11, #12 and #13) show the same trend: simulation #13 (Ljets = 14.4) unbinds 48% of the initial envelope, while simulations #12 (Ljets = 7.2) unbinds 33% of the envelope, and #11 (Ljets = 3.6) unbinds 29% of the envelope. The different trends between the influence of Ljets in simulations starting with a0 = R1 (#6 and #7) and those starting with a0 = 2R1 come from the different envelope structure when the companion finally enters the envelope. This should be better explored in future studies.
The variation of the mass loss rate per unit solid angle (km/sec) sim #8 sim #9 Figure 12 . The total mass per unit solid angle that flows out from a sphere of radius Rout = 1 AU (blue) and its average velocity (brown) as a function of the angle θ from the equatorial plane, for simulation #8 (no jets; O symbols) and for simulation #9 (with jets; + symbols). The equator is at θ = 0 and the poles are at θ = 90. Jets produce more evenly distributed mass ejection with much faster outflows at high latitudes.
with latitude is more complicated as we see in Fig. 16 . Low Ljets simulation have a much stronger dependence of this value with latitude, while high Ljets simulations show a much flatter behaviour. As for the velocity, a higher value of Ljets leads to a higher outflow velocity almost in all directions. A second numerical aspect of the injection length, Ljets is that by injecting the jet over a certain number of cells near the companion, we are overriding the density in those cells, thus altering their mass. The density we impose on 
where ∆x is the distance from the cell center to the companion. These density values can be substantially lower than the density they substitute, particularly when the companion is deep inside the envelope. In the dense regions the result is that we subtract mass from the grid. We can consider this mass deficit as an artificial accretion that the numerical injection of the jets produces.
In the knowledge that our code has excellent mass conservation, we can calculate this 'accreted mass'. We track the mass subtracted in this way from each simulation, and we plot it as a function of time, Macc(t), in Fig. 17 . We see, as expected, that higher values of Ljets that imply large cone volumes remove more mass from the grid. We find the same trend in simulations #11 to #13.
The values of the numerical accretion mass that we find in the different simulations imply that the total mass loss rate in the jets amounts to 1 − 14% of the accreted mass, i.e., Mjets (0.01−0.14)Macc. This is compatible with known values of jets launching, e.g., in young stellar objects (Pudritz et al. 2012 ).
In conclusion, the behaviour of the orbital decay does not depend on the value of Ljets, while the amount of ejected mass changes by a factor of up to 2 when Ljets is altered. The removal of mass by the jets is real though, as the differences between different values of Ljets appear only after the effects of the jets, compared with simulations without jets, appear. Future numerical studies will have to better explore the numerical scheme to launch jets.
The numerical effects of Ljets become larger as the orbital separation decreases. One of the challenges of future CEE simulations with jets is to better handle the spiraling-in and the launching of jets at small orbital separations, when the spiraling-in process has settled to a very slow rate.
The energetics of jets launching
Numerically removed energy
When we inject the jets into the grid, we remove from the simulation the gas that was residing there before. By that we remove also its energy, mainly gravitational energy and thermal energy, as its kinetic energy is small. We insert the jets with the same pressure as the environment, which implies the same total thermal energy as that of the gas we remove. The jets have much lower density than that of the gas we remove, so that their gravitational energy is much smaller. Overall, the net energetic effect of jets injection is that we remove the gravitational energy of the mass we remove, and we inject the kinetic energy of the jets.
Let us demonstrate this for simulation #9. In that run we remove a total mass (during the entire simulation) of Macc = 0.057M (Fig. 17) . We calculate the gravitational energy of this mass as it resides in the two jet injection cones and in the gravitational potential of the secondary star, Eacc,g,2 = −(3/2)GM2Macc/Ljets = −1.35 × 10 46 erg. We can only estimate the gravitational energy of the removed mass in the gravitational potential of the envelope and the core because of the motion of all components relative to each other during the simulation. We approximate Eacc,g,1 −GM1Macc/(0.5R1) −0.46 × 10 46 erg. Overall we remove a negative energy of Eacc,g −1.8 × 10 46 erg. Indeed, when we count all the energy in the grid and the energy that is carried by the mass outflowing from the grid, we find that at the end of simulation #9 we have an excess of about 1.8 × 10 46 erg. This shows that in that simulation we conserve energy to within 10%, a level similar to what Sandquist et al. (1998) 
The accretion energy
Is it possible to justify the numerically injected energy on a physical basis? When gas accretes onto the companion, accretion energy is liberated. In reality, accretion energy accounts for the jets' kinetic energy, while the rest is liberated locally as radiation. In our simulation we therefore need to 
sim #6 sim #7 sim #9 sim #10 Figure 17 . The 'accreted mass' as function of time. Here the accreted mass is not really accreted by the companion, but rather the mass we remove from the vicinity of the companion when we inject the jets.
determined whether the artificially-injected energy plus the jets' kinetic energy are approximately similar to the amount of energy that would be expected by accreting mass onto the companion. The jets in simulation #9 carry a total kinetic energy of Ejets = 2.4 × 10 45 erg. Adding the amount of energy that is numerically removed (Eacc,g −1.8 × 10 46 erg), we see that the accretion process should supply an energy of |Eacc,g|+Ejets 2×10 46 erg. We have already discussed that by injecting the jets we are artificially deleting mass from the grid (Macc = 0.057 M ). The accretion of this mass would release an energy of 0.5GM2Macc/R2 6 × 10 46 erg, for R2 = 0.5R . This is three times the energy that we need to account for, showing that our artificial injection is not unreasonable enough to make us question the result. If we consider the likely possibility that the companion swells as it accretes mass, say to a radius of 1R , then the accretion process would justify the amount of energy we are artificially injecting.
Very slow jets
As described above, there are two kinds of energy we inject into the grid: the kinetic energy of the jets and the removal of gas, (which is assumed to be accreted) that has a negative energy. In simulations #9 the total energies are Ejets 0.24 × 10 46 erg and Eacc,g −1.8 × 10 46 erg, respectively. Despite the fact that the kinetic energy of the jets is much smaller (in magnitude), we find that it is the kinetic energy of the jets that plays the major role in envelope ejection.
To show that, we conducted a small experiment. We computed a simulation identical to #9, but where we launched the jets with an initial velocity of 10 km s −1 instead of 400 km s −1 . In this slow-jets simulation the kinetic energy of the jets is negligible, but not their thermal energy as it is equals to that of the mass we remove. In addition, the jets launching in the slow-jets simulation removes 27% more mass (Macc) than in simulation #9. With that, the slow-jets simulation removes more negative energy. Despite this, the total unbound mass that leaves the grid in the slow-jets simulation is half the total unbound mass that leaves the grid in simulation #9, indicating that it is the kinetic energy to play a large role in mass unbinding, not the artificially-injected (accretion) energy (i.e., negative energy removal).
To quantify the effect we compare the unbound mass in the slow-jet simulation with the no-jet simulation (#8; see (#8) = 0.089M , more than 4 times larger. Since the slow-jet case mimics liberation of accretion energy as local heat, rather than kinetic energy, we concluude that the kinetic energy of the jets, namely the propagation of jets through the envlope, plays a decisive role in removing mass from the envelope and unbind it.
Resolution study
We perform four simulation, #5, #7, #8, #10, identical to simulations #1-4, respectively, but with double the linear resolution of the top grid (128 instead of 64 cells per side). In Fig. 18 we compare the same properties that we presented in Fig. 15 for the high and low resolution pairs
The low resolution at the surface of the giant in the low resolution simulations maintains less accurately the hydrostatic equilibrium. As a result, the envelope tends to inflate more and hence produces a bigger fan when the companion starts at a0 = 2R1. Therefore the companion spirals-in earlier in simulations #3 and #4 compared to simulations #8 and #10 respectively. The earlier spiraling-in results in unbinding eventually less material (see right panels). Another effect of the resolution is that the final orbits in the lower resolution simulations with jets are more eccentric and have larger separations. Despite these differences, the results of the two resolutions are sufficiently close to conclude that, at the order-of-magnitude level of precision afforded by this experiment, the resolution is not impacting the main conclusion, namely that jets may lead to substantially more unbound mass.
SUMMARY AND DISCUSSION
We present a first study of the CE interaction including the effect of jets, using hydrodynamic simulations that include self gravity. The strength of our approach is that the feedback of the jet activity on the in-spiral is included. A second advantage is the use of a stellar structure which has been extremely well quantified in the context of CE simulations with three distinct codes. This anchors the current, quite experimental setup in well quantified numerical simulations of the CE interaction.
Despite some numerical uncertainties (section 3.3 and 4, and Fig. 14) , we confidently reach the following conclusions.
(i) The jets are quite efficient in removing mass from the envelope, removing approximately 30% of the envelope, about 3 times more than the equivalent simulation with no jets (Figs. 8, 11 and 13) .
(ii) The jets lead to higher mass loss rates and much higher velocities in the polar directions (Figs. 3, 4 , 9, and 12).
(iii) In simulations with jets the core-companion binary systems reach the very slow spiraling-in phase with much wider orbits (20-30 R ) and much higher eccentricity. (e.g., Fig. 6 ; we discuss this further below).
(iv) By vigorously removing mass the jets introduce into the outflowing gas some morphological features that lack axisymmetrical structures (Figs. 2 and 5) . The extent to which the morphology of a subsequent PN is affected would have to await a treatment similar to that carried out by Frank et al. (2018) . It is interesting that post-CE PN jets can be kinematically clocked to have been launched just before or just after the CE main ejection (Tocknell et al. 2014) . Given that there are some uncertainties on these measurements it is possible that some of these jets may be due to an ejection during some part of the CE in-spiral (Blackman & Lucchini 2014) .
The simulations with jets remove mass more efficiently than simulations without jets. This in turn leads to larger orbital separations (20-30 R ) , too large to fit the majority of post-CE binaries ( < ∼ 10R ; e.g., Zorotovic et al. 2011) . Only a handful of post-RGB and post-AGB post-CE binaries exists at separations larger than ∼ 10 R . Those, are more consistent with a prolonged phase of Roche lobe overflow before the CE due to a large companion-to-primary mass ratio, or can be explained by a particularly large primary mass (Iaconi & De Marco 2019) . We think that the solution to this tension could be that the core-companion binary system experiences further inspiralling due to gravitational interaction with the flat envelope around the binary system (or circumbinary disk) as suggested by Kashi & Soker (2011) ;(see also Chen & Podsiadlowski 2017) . However, the interaction with a circumbinary disk increases the eccentricity (Kashi & Soker 2011) . As many post-CE binary have circular orbits, we think that there must be as well tidal interaction with the leftover envelope near and around the core. Such a tidal interaction tends to circularize the orbit. If this tidal interaction lasts for a longer time than the interaction with the circumbinary disk, then the orbit becomes circular.
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